The startup of casting sequences in continuous casting of steel using three different turbulence inhibitors were modeled and simulated through the multiphase volume of fluid model (VOF) in a four-strand tundish. In the actual caster, one of the inhibitors released the liquid steel with a superheat high enough to avoid freezing problems in the outer strands. A second inhibitor improved the flow, yet it yielded steel freezing in these strands. A two-phase air-water system was used to model the liquid steel-air system and the interfaces were tracked by a donor-acceptor principle applied in the computational mesh. These activities led to the design of a third inhibitor. Experimental outcomes and the mathematical simulations agreed remarkably well regarding the velocity of the stream front in the tundish floor and the mass of steel reaching the outer strands. A larger steel mass and a faster stream front helped to completely prevent the steel from freezing in the outer strands. Finally, flow fields during the filling of the tundish using two of these inhibitors were simulated and the results explain the different performances observed experimentally.
Introduction
Tundish design consists of the reorientation and guiding of steel flow in order to control its turbulence, to reduce dead zones, and to float out inclusions as much as possible. Most flow control devices (FCDs) consist of arrangements of flow modifiers such as weirs, dams, pads, and turbulence inhibitors (TIs), or a combination of all these devices [1] . The optimal combination of flow modifiers inside of the tundish permits the restructuring of steel flows, causing it to behave as desired, with more plug flows and minimum dead or stagnant regions [2] . This latter requirement is important in order to avoid the formation of steel skulls in the corners of the tundish that facilitate the stripping of the residual steel at the end of a casting sequence. The general procedure to design flow control systems for tundish operations is based on water modeling that determines the residence time distribution (RTD) curves of tracers injected in the inlet, and is sometimes complemented with mathematical simulations [3, 4] . Tundish design assumes that the tundish is operating under steady-state conditions. 
Operating Conditions Value
Normal operating level 254 mm 
Mathematical Model for the Two-Phase Flow

The Volume of Fluid Model
The mathematical simulations in this study focused on the startup of the casting to examine liquid splashing and fluid dynamics in the initial tundish filling process. The target of these simulations was to track the gas-liquid interfaces during the initial conditions of turbulence and the interaction of the fluid with the TI at the first instance of the tundish filling. Given the interest outlined here, the most appropriate computing scheme was the volume of fluid (VOF) model [9] .For two-phase flows, this model is based on a phase indicator χ p (x,y,z,t) that distinguishes if the phase, p, is present in a flow field location with coordinates (x,y,z) at time t. Expressed as a mathematical definition:
is present in the phase p at time t, 0 otherwise.
When the indicator is averaged over a sufficiently large volume of flow, the fraction volume of phase p is obtained:
The physical properties of the fluids are estimated by simple additive rules:
The continuity equation (without mass exchange among the phases) is:
The velocity-momentum fields shared by the two phases is:
The physical properties are those calculated through Equation (4), and consequently the volume fraction of the phases is implicit in Equation (5) . To define the interfaces between both phases, the donor-acceptor formulation of the VOF model was adopted [9] . The tracking of the interfaces was carried out by solving the equation of continuity through an explicit scheme using a Courant number of 0.5:
The contribution of turbulent stresses to the momentum equation is given by the term ∇·∇v T in Equation (6) . Therefore, one of the appropriate models to link Equations (6) and (7) is obtained through the realizable k-ε model [10] . Two additional equations for the turbulent kinetic energy and the dissipation rate of the kinetic energy form parts of the system of equations to be solved [9, 10] . The finite volume method was used for the discretization of these equations [11] , building a non-structured mesh composed mostly of tetrahedral cells.
To simulate the dispersion of the tracer, the velocity field was calculated from the preceding equations and used in the following mass transfer equation [12] :
where D eff is the effective diffusivity, which is the sum of molecular and turbulent diffusivities, according to:
where D 0 is the molecular diffusivity and Sc t is the turbulent Schmidt number. Because turbulent flows generally carry mass over an equivalent Schmidt mixing length, this coefficient was assumed to be equal to 1. A concentration-step-type boundary condition was applied at the ladle shroud to simulate the injection of the tracer in the tundish.
Boundary Conditions and Algorithm of Solution
At the solid surfaces of the tundish system, the logarithmic wall function [8] was employed to link the flow field out of the boundary layer with the flow velocities close to the wall, inside this layer. In the inlet, inside the ladle shroud, a turbulent velocity profile was assumed through the 1/7th law of turbulent flow in pipes [13] . Outlet velocities were also used as boundary conditions in the four strands of the tundish. In the bath surface, a pressure condition was applied. The (Pressure Implicit Splitting Operations) PISO algorithm [9] was employed to solve the set of Equations (4) and (5) . At the water-air interfaces, the surface tension force was substituted as a momentum source in the last term, right side of Equation (6), designated by the letter F. The computation of this force (surface tension of water = 0.073 N m −1 ) was performed using Brackbill's continuum surface model of [14] . The physical properties used in the model for water density, water viscosity, and surface tension were 1000 kg m −3 , 0.001 Pa s, and 0.073 N m −1, respectively. Air density and air viscosity were 1.2 kg m −3 and 18.27 × 10 −6 Pa s, respectively [5, 6] .
Results and Discussion
Control of Steel Freezing in Outer Strands
To estimate the weights of steel at the instant the streams of water reached the extreme strands, the volumes of the streams of water computed using the VOF model were redefined through software [15] . Later, their respective volumes were scaled up from 1/3rd to full scale. The resulting volumes were multiplied by the density of liquid steel (7100 kg/m 3 ). The results of these operations yielded masses for half the tundish of the liquid stream of 755.41, 617.09, and 762.67 kg for TI1, TI2, and TI3, respectively. These results are presented through the simulated masses of liquid streams with the mathematical model shown in Figure 4 . The sizes of the jets flowing through the slits of TI1 and TI3 are apparently larger than those corresponding to TI2, which explains the larger amounts of liquid directed toward the outer streams. where D0 is the molecular diffusivity and Sct is the turbulent Schmidt number. Because turbulent flows generally carry mass over an equivalent Schmidt mixing length, this coefficient was assumed to be equal to 1. A concentration-step-type boundary condition was applied at the ladle shroud to simulate the injection of the tracer in the tundish.
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Results and Discussion
Control of Steel Freezing in Outer Strands
To estimate the weights of steel at the instant the streams of water reached the extreme strands, the volumes of the streams of water computed using the VOF model were redefined through software [15] . Later, their respective volumes were scaled up from 1/3 rd to full scale. The resulting volumes were multiplied by the density of liquid steel (7100 kg/m 3 ). The results of these operations yielded masses for half the tundish of the liquid stream of 755.41, 617.09, and 762.67 kg for TI1, TI2, and TI3, respectively. These results are presented through the simulated masses of liquid streams with the mathematical model shown in Figure 4 . The sizes of the jets flowing through the slits of TI1 and TI3 are apparently larger than those corresponding to TI2, which explains the larger amounts of liquid directed toward the outer streams. 
Control of Tundish Filling Operations.
Since the TI3 had the same performance as that of TI1 for startup of the casting sequence and the elimination of the steel freezing problems in the two extreme strands, the next tundish aspect under scrutiny was the fluid dynamics during the filling operation using either TI model. This comparison 
Control of Tundish Filling Operations
Since the TI3 had the same performance as that of TI1 for startup of the casting sequence and the elimination of the steel freezing problems in the two extreme strands, the next tundish aspect under scrutiny was the fluid dynamics during the filling operation using either TI model. This comparison made it possible, through the analysis of the RTD curves, to elucidate which of the two TIs had better potential to float up inclusions. Figure 5 shows the internal velocity fields of the liquid inside TI1 and TI3, respectively. After impacting the bottom, the liquid rose along the curved walls of TI1 with relatively uniform velocities, while in TI3 the presence of the pins at the bottom created local velocity gradients that dissipated the kinetic energy of the liquid. This dissipation was accompanied by a refinement of the turbulent eddies [4] . The jets flowing through the slits of the inhibitors were about the same size, quickly draining the liquid as seen in the photos of the first and third columns of Figure 3 , where the inhibitors remained unfilled during the starting operation. Contrary to this performance, TI2 was filled, as seen in the photos of the second column of Figure 3 , and this observation is also evident in Figure 4 . made it possible, through the analysis of the RTD curves, to elucidate which of the two TIs had better potential to float up inclusions. Figure 5 shows the internal velocity fields of the liquid inside TI1 and TI3, respectively. After impacting the bottom, the liquid rose along the curved walls of TI1 with relatively uniform velocities, while in TI3 the presence of the pins at the bottom created local velocity gradients that dissipated the kinetic energy of the liquid. This dissipation was accompanied by a refinement of the turbulent eddies [4] . The jets flowing through the slits of the inhibitors were about the same size, quickly draining the liquid as seen in the photos of the first and third columns of Figure 3 , where the inhibitors remained unfilled during the starting operation. Contrary to this performance, TI2 was filled, as seen in the photos of the second column of Figure 3 , and this observation is also evident in Figure 4 . The volume fractions of the air entrained by the entry jets in a plane passing through the axis of the ladle shroud are shown in Figure 6a ,b for TI1 and TI3, respectively. Figure 6c ,d shows the distribution of volume fractions of phases passing through a plane located between the entry jet and the edge of each inhibitor. Air was entrained through the boundary layer between the liquid jets and the atmospheric air, as can be seen in Figure 6a ,b. The air bubbles were momentarily pushed toward the walls of the inhibitors, as seen in Figure 6c ,d, before ascending due to density differences between the liquid and gas phases. Both inhibitors avoided the outspread of the air bubbles to the rest of the liquid volume, constraining the possible reoxidation of actual steel to a smaller volume. The velocity fields in a longitudinal-vertical plane through the ladle shroud are shown in Figure  7a ,b, using TI1 and T13, respectively, at different steel level fillings. At the lowest height percentage recorded in these figures, the liquid lost momentum and impacted the extreme tundish walls with smaller velocities when using TI1 than when using TI3. As the tundish was being filled, this condition remained close to the working level of the tundish. Close to the working level, the lowest flow field (shown in Figure 7b ) of the TI3 formed upper long recirculating flows along the tundish while TI1 yielded shorter flows without any apparent defined recirculation (Figure 7a ). The velocity fields in the same type of plane passing through the strands are presented in Figure  8 at the same bath levels as those shown in the preceding figure (the view of this figure is from the perspective of the delta side of the tundish toward the flat back plane of the tundish, where the ladle shroud is visible because it is in front of the plane where the strands are located, see Figure 2 . The first streams of liquid passing through at the lowest height percentage flowed toward the internal strands and, at higher levels, TI3 yielded streams of liquid with relatively high velocities along the tundish bottom while TI1 always yielded streams with lower velocities. The velocity fields in a longitudinal-vertical plane through the ladle shroud are shown in Figure 7a ,b, using TI1 and T13, respectively, at different steel level fillings. At the lowest height percentage recorded in these figures, the liquid lost momentum and impacted the extreme tundish walls with smaller velocities when using TI1 than when using TI3. As the tundish was being filled, this condition remained close to the working level of the tundish. Close to the working level, the lowest flow field (shown in Figure 7b ) of the TI3 formed upper long recirculating flows along the tundish while TI1 yielded shorter flows without any apparent defined recirculation (Figure 7a ). The velocity fields in a longitudinal-vertical plane through the ladle shroud are shown in Figure  7a ,b, using TI1 and T13, respectively, at different steel level fillings. At the lowest height percentage recorded in these figures, the liquid lost momentum and impacted the extreme tundish walls with smaller velocities when using TI1 than when using TI3. As the tundish was being filled, this condition remained close to the working level of the tundish. Close to the working level, the lowest flow field (shown in Figure 7b ) of the TI3 formed upper long recirculating flows along the tundish while TI1 yielded shorter flows without any apparent defined recirculation (Figure 7a ). The velocity fields in the same type of plane passing through the strands are presented in Figure  8 at the same bath levels as those shown in the preceding figure (the view of this figure is from the perspective of the delta side of the tundish toward the flat back plane of the tundish, where the ladle shroud is visible because it is in front of the plane where the strands are located, see Figure 2 . The first streams of liquid passing through at the lowest height percentage flowed toward the internal strands and, at higher levels, TI3 yielded streams of liquid with relatively high velocities along the tundish bottom while TI1 always yielded streams with lower velocities. The velocity fields in the same type of plane passing through the strands are presented in Figure 8 at the same bath levels as those shown in the preceding figure (the view of this figure is from the perspective of the delta side of the tundish toward the flat back plane of the tundish, where the ladle shroud is visible because it is in front of the plane where the strands are located, see Figure 2 . The first streams of liquid passing through at the lowest height percentage flowed toward the internal strands and, at higher levels, TI3 yielded streams of liquid with relatively high velocities along the tundish bottom while TI1 always yielded streams with lower velocities. The overall effect was that TI1 yielded regions of low velocity in the two extremes of the tundish during the filling operation. This effect could also be seen in horizontal planes, as shown in Figure 9 , during the unsteady filling operation for the velocity fields corresponding to the same liquid levels of Figures 7 and 8. At any liquid level, TI1 left considerable volumes of liquid with small velocities, while TI3 pushed the liquid, yielding a distributed filling flow. The stability of the gas-liquid interface was maintained during the filling of the tundish, as can be seen by the numerical and experimental results presented in Figure 10 when using either of the two inhibitors. Velocity fields in the vertical planes passing through the axis of the ladle shroud once that the tundish was filled and operating under steady-state conditions are shown in Figure 11a ,b using TI1 and TI3, respectively. Figure 11c,d shows the velocity fields in planes passing through the axis of the strands using TI1 and TI3, respectively. TI1 left regions with small velocities mainly in the corner of the tundish. The overall effect was that TI1 yielded regions of low velocity in the two extremes of the tundish during the filling operation. This effect could also be seen in horizontal planes, as shown in Figure 9 , during the unsteady filling operation for the velocity fields corresponding to the same liquid levels of The overall effect was that TI1 yielded regions of low velocity in the two extremes of the tundish during the filling operation. This effect could also be seen in horizontal planes, as shown in Figure 9 , during the unsteady filling operation for the velocity fields corresponding to the same liquid levels of Figures 7 and 8. At any liquid level, TI1 left considerable volumes of liquid with small velocities, while TI3 pushed the liquid, yielding a distributed filling flow. The stability of the gas-liquid interface was maintained during the filling of the tundish, as can be seen by the numerical and experimental results presented in Figure 10 when using either of the two inhibitors. Velocity fields in the vertical planes passing through the axis of the ladle shroud once that the tundish was filled and operating under steady-state conditions are shown in Figure 11a ,b using TI1 and TI3, respectively. Figure 11c,d shows the velocity fields in planes passing through the axis of the strands using TI1 and TI3, respectively. TI1 left regions with small velocities mainly in the corner of the tundish. At any liquid level, TI1 left considerable volumes of liquid with small velocities, while TI3 pushed the liquid, yielding a distributed filling flow. The stability of the gas-liquid interface was maintained during the filling of the tundish, as can be seen by the numerical and experimental results presented in Figure 10 when using either of the two inhibitors. Velocity fields in the vertical planes passing through the axis of the ladle shroud once that the tundish was filled and operating under steady-state conditions are shown in Figure 11a ,b using TI1 and TI3, respectively. Figure 11c,d shows the velocity fields in planes passing through the axis of the strands using TI1 and TI3, respectively. TI1 left regions with small velocities mainly in the corner of the tundish. 
Experimental and Numerical RTD Curves
A pulse injection of a red dye tracer was injected in the ladle shroud of the water model to determine the RTD curves following the principles explained in chemical engineering textbooks [2, 16] under steady-state conditions and full tundish level. These simulations had a twofold purpose: first, to corroborate the predictive capacity of the mathematical model, and second, to demonstrate that even under steady conditions the fluid flow patterns created by each inhibitor during the tundish filling operation prevailed. Therefore, the performance of both inhibitors to control the flow and overall RTD curves were determined using the equations presented in the lower part of Table 2 . The outputs of this procedure are reported in the upper part of Table 2 , and from these results the following observations were established:
• TI2 yielded the highest plug volume fraction (which favors floatation of inclusions), but as mentioned above, delayed the steel stream toward the extreme strands leading to steel freezing problems during startup.
• TI3 yielded a slightly larger plug flow fraction than TI1, with smaller mixed flow fraction.
• The concentration peak of TI3 was the tallest among the three inhibitors. Figure 12a ,b shows an isoconcentration surface and the associated velocity field respectively 300 s after the tracer was injected in the ladle shroud for TI1. The liquid transported the tracer close to the tundish bottom after leaving the inhibitor and, as the liquid approached the tundish walls, the tracer 
•
The concentration peak of TI3 was the tallest among the three inhibitors. RTD Curves Figure 12a ,b shows an isoconcentration surface and the associated velocity field respectively 300 s after the tracer was injected in the ladle shroud for TI1. The liquid transported the tracer close to the tundish bottom after leaving the inhibitor and, as the liquid approached the tundish walls, the tracer was sent toward the surface following the exact velocity field presented in Figure 12b . However, in the same tundish, the TI3 yielded a flow that transported the tracer upwards just after leaving the inhibitor as the isoconcentration surface and the associated velocity field indicated in Figure 13a ,b, respectively. In other words, TI3 would eventually send the steel upwards, pushing the inclusions toward the slag phase where they would be absorbed and dissolved. Figure 14a,b shows the individual numerical and calculated RTD curves for the internal and external strands using TI1, and Figure 14c ,d shows the individual numerical and calculated RTD curves for the internal and external strands using TI3 curves, respectively. Both numerical and experimental curves match very well, proving that the velocity fields predicted by the mathematical model are reliable and that the model can be used for other tundish designs. The caster is now operating with the inhibitors TI1 and TI3 without any report of steel freezing problems. 
Conclusions
• The coupling of physical and mathematical multiphase simulations provides a powerful modern approach to solve practical industrial problems.
• The VOF model predicts the speed at which the experimental stream of liquid in the tundish flows along the floor very well.
• The current requirements for the optimum design of turbulence inhibitors should include the maximization of plug flow patterns in combination with a good performance during unsteady operations of the tundish. 
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The coupling of physical and mathematical multiphase simulations provides a powerful modern approach to solve practical industrial problems.
The VOF model predicts the speed at which the experimental stream of liquid in the tundish flows along the floor very well.
The current requirements for the optimum design of turbulence inhibitors should include the maximization of plug flow patterns in combination with a good performance during unsteady operations of the tundish.
The TI3 provides the highest plug flow using a flow pattern that sends the liquid toward the bath surface driving the inclusions toward the metal-slag interface. As defined in Table 2 . Sub-Indexes p, q Phases p and q t Turbulent
